This paper describes a sediment delivery ratio (SDR) using the Geographic Information System (GIS)-based Revised Universal Soil Loss Equation (RUSLE), to calculate the soil loss and sediment rating curve June to September (mean Max.: >97%; mean Min.: >84%), but SDR is lower than those of similar continental river basins. This is due to environmental factors, for example rainfall characteristics and associated run-off, soil characteristics and cultivated patterns with increasing basin size. This research provides the first application of SDR based on the observed field data in South Korea.
INTRODUCTION
Recently, significant concerns have been raised over sediment dredging in the Four Rivers (the Han River, Nakdong River, Keum River, and Sumjin River) project in South Korea. According to the master plan of the Korean Ministry of Land, Transport, and Maritime Affairs, sediment of 5.7 × 10 8 m 3 will be dredged from the Four Rivers for controlling floods and supplying water resources. But limited research exists addressing the sediment yield rate from a basin. Therefore, estimating the amount of soil loss from the basins and sediment yield in the rivers will be the first step. In a basin, part of the soil eroded from an overland region is deposited within the catchment before reaching its outlet. The ratio of sediment yield to total surface erosion is termed the sediment delivery ratio (SDR) . The values of SDR for an area have been found to be affected by catchment sediment sources, transport system, texture of eroded material, urbanization and land cover, etc. (Walling ; Subramanian ). Generally speaking, three different approaches have been widely used to estimate SDR.
1. Relationship between soil erosion and sediment yield.
The approaches such as sediment rating curve (SRC) or reservoir sediment deposition survey are often used. Such methods are not suitable for estimating the spatial distribution of sediment yield for a large basin, because the required measurements are rarely available at each sub-catchment (Gregory & Walling ) . 2. SDR-area power function method. This approach utilizes empirical relationships that relate SDR to the most important morphological characteristics of a catchment, such as the catchment area (Lane et al. ) . This approach provides little understanding of the physical processes that underlie sediment transport in a large basin. The method provides no descriptions of the mechanisms that cause sediment transport, and fails to identify the separate effects of climate and catchment conditions. 3. Spatially-distributed modeling based on Geographic Information System (GIS). This method describes a comprehensive methodology that integrates erosion models, GIS techniques, and a sediment delivery concept for estimating water erosion and sediment delivery at the watershed scale (Renard et This paper illustrates the calculation of SDR using the relation between basin area, dominant erosion processes, and sediment yield by a combination of measured sediment yield at different spatial scales. For this, measurements of suspended sediment concentration (SSC) and water discharge were used to develop SRCs. Then these SRCs were used to estimate sediment yield over an entire basin. In this study, soil erosion was calculated using catchment data embedded in a GIS. SDRs were determined on the basis of the model-based sediment yield and soil erosion at the six basins of Four Rivers.
STUDY AREAS
South Korea is bounded by North Korea and the Yellow and East Seas as well as the Korea Strait as shown in Figure 1 . North Korea, on the other hand, is bordered by South Korea, Russia, and China as well as by the Yellow and East Seas and the Korean Bay. In Korea, the Four River project has been a social issue since 2009. The project is aimed at improving four major rivers -the Han, Nakdong, Geum, and Sumjin rivers -across the country. Table 1 shows the four river basins with the six gauging stations used for this study. The four river basins occupy Figure 2 . The master plan envisages preparing for climate change, realizing the harmonious existence of nature and human beings, seeking balanced development of regions, laying the groundwork for green growth, and developing the land. The government will inject a total of 22.2 trillion Won into the project, which will be implemented by 2012 -W16.9 trillion (USD13.5 billion @ 1 USD ¼ 1,135W, in 2011) for dredging rivers, and building irrigation reservoirs and dams and W5.3 trillion (USD 4.2 billion) for improving and dredging streams and tributaries. According to the master plan, the government will, first of all, secure 1.3 billion tons of water resources in preparation for water shortages and abnormal drought. A total of 16 irrigation weirs will be built at various sections of streams; water storage will be increased by constructing new dams, such as Songriwon and Boyeon, and linking several dams, such as Andong and Imha; and the height of the walls of 96 reservoirs will be raised. The government will focus on improving 34 areas where the water pollution level is serious and increasing the water quality of tributaries as well as that of the main rivers.
METHODOLOGY Soil erosion model
The Universal Soil Loss Equation (USLE), based on the concept of the separation and transport of particles from Otherwise, RUSLE has added many factors, such as a revision of the weather factor, development of the soil erosion factor dependent upon seasonal changes, development of a new calculation procedure to calculate the cover vegetation factor, and revision of the length and gradient of slope (Kim ) .
In this study, the RUSLE is used as a soil erosion model to estimate the amount of soil erosion from basins in the six basins of Four Rivers. In RUSLE, the amount of soil loss is a product of six factors representing the rainfall and basin characteristics as follows:
where A is the gross amount of soil erosion (t/ha per yr); R is the rainfall erosivity factor (MJ ha À1 mm yr À1 h À1 ); K is the soil erodibility factor (t MJ À1 h mm À1 ); LS is the slope steepness and length factor (dimensionless); C is the cover management factor (dimensionless); and P is the supporting practice factor (dimensionless). The R-factor in RUSLE is an erosivity index. Some researchers evaluated the erosivity and developed the statistical relationship between the R-factor and the total annual precipitation (Nearing et al. ; Blanco & Nadaoka ; Pal et al. ). As there are limited meteorological stations in mountainous basins, information on rainfall amount and patterns needs to be assumed based on neighboring stations (Lee & Lee ) . The rainfall information available represents point data, and this has to be extrapolated in terms of spatial distribution, using the Arc GIS contouring function. In this study, the equation (Equation (2)), developed by KICT (), was used for computing the R factor as (Lee & Lee ):
where P r is the average annual precipitation of the study area. K is the soil erodibility factor. The K factor is calculated according to the soil texture type of the area (Wischmeier ), which is related to the grain size distribution and was derived from Erickson's triangle diagram (Erickson ) for the study. LS is the slope length-gradient factor. The slope length and slope steepness can be used in a single index, which expresses the ratio of soil loss as defined by Wischmeier & Smith () as:
where X is the slope length (m), and S is slope gradient (%). C is a crop and management factor, which is obtained by multiplying the crop type factor and tillage method factor (Lee & Lee ). P is a support practice factor.
River sediment yield estimation model
Sediment yield is the amount of sediment passing a particular channel location and is influenced by a number of geomorphic processes (Lane ) . Calculating the annual sediment load of a river can be quite straightforward if discharge and sediment concentration are measured at closely spaced intervals, particularly during floods. In most cases, however, a continuous record of sediment concentration is not available, and indirect methods must be utilized, often using a sediment ratingcurve. The rating curve is a widely adopted method for estimating sediment concentration and load (Campbell & Bauder ; Mimikou ; Yekta et al. ) . Since sediment concentration and load often vary over several orders of magnitude, the rating curve is generally established by a power function relating available sediment load (Q S ) to water discharge (Q W ):
where a and b are the coefficients determined by regression analysis.
Sediment delivery ratio
RUSLE is a basin model, thus it cannot be directly used to estimate the amount of sediment reaching downstream areas because some portion of the eroded soil may be deposited while traveling to the watershed outlet, or the downstream point of interest (Glymph ; Neibling & Foster ) . To account for these processes, the SDR for a given watershed should be used to estimate the total sediment transported to the watershed outlet. The SDR can be expressed as follows:
where SDR is sediment delivery ratio; SY is sediment yield; E is gross erosion for the entire watershed.
RESULTS AND DISCUSSION

Soil erosion
The gross amount of soil erosion from each identified grid of the six basins was computed by integration of the RUSLE erosion factors namely R, K, LS, C and P. The RUSLE factors are described in Table 2 . Maps for values of the RUSLE parameters can be integrated in ArcView GIS, using a Raster Calculator to form a composite map denoting gross soil erosion, based on 30 m Digital Elevation Model (DEM) (Figure 3 ). Land use data of 30 × 30 m, provided by the Water Management Information System in 2005, was reclassified to create a new map with the following categories: (a) water, (b) urban, (c) barren, (d) wetland, (e) pasture, (f) forest, (g) paddy farming, and (h) field crop area. The soil classification map of the study area was divided into 59 kinds of soil types such as Afa, Ana, Apa, Rea, Maa, Ro, etc. The NAAS published the soil map with 1:50,000 scales in 1973. Based on this paper map, a digital soil map was produced with the ArcGIS coverage of the 1:25,000 scales. Rainfall erosivity is determined by climatic data. For calculating R factors in the six river basins, we used an annual average value using the isohyetal method based on 59 meteorological observation stations as shown in Figure 4 .
Changes occurring in the values of the factor C due to crop growth over such small duration were neglected. The composite term KLSCP of RUSLE represents the soil erosion potential of different grids. A high value of this term indicates a higher potential of soil erosion in the grid.
Computed values of average annual erosion in the six basins are presented in Figure 5 .
The annual average soil erosions of six rivers ranged from 515 to 869 t km À2 yr À1 . The soil loss rate varies widely. The estimated soil loss rate may be as small as zero in a rocky area, or it may reach up to thousands of ton per square kilometre per year.
Sediment yield and validation
Sediment yield is usually less than the amount of soils actually eroded in the river basin. It is normally expressed as the total sediment volume delivered to a specified location in the basin, typically the river mouth, divided by the effective drainage area above that location for a specified period of time. In order to estimate the annual sediment yield, a SRC was derived as a linear regression, on the basis of field measured data, during the period from 2001 to 2010. The regression approach can provide good results for the prediction of the annual sediment load in streams with large drainage basins. The approach may also give good results for the prediction of the daily sediment load in streams of small and homogeneous drainage basins. Some investigators even suggest the use of linear regression for drainage basins without sediment records to obtain an order-of-magnitude estimate of sediment yield. For deriving SRC, we used a data classification method to show the relationship between incoming sediment discharge and water discharge. Table 3 shows rating relationships developed in the gauging stations.
In general, the total sediment load is often estimated by measuring suspended load, while the bedload fraction is neglected due to constraints (Milliman & Syvitski ; Powell et al. ; Ferro & Porto ) . Some researchers pointed out that the bedload fraction of the total load is from 10 to 20% (Summerfield & Figure 6 . This lower runoff of SSY mainly reflects topographical geological and hydrological effects. The hydrographs of the water discharge in South Korea are very sharp, and peak discharges are very large compared with continental rivers because of the topographical conditions and occasional torrential rainfall, but seldom contain extensive SY, except for the monsoon period. Over 77% of total SY is concentrated in the monsoon period from June to September (Table 4) . Besides, the percentage of total SY by single event rainfall is very high, as shown in Figure 7 . In the case of the WK gauging station, 59.43% of total SY was flowed for 13 days only. For all that, the SSY was not high in the study basins. Milliman & Syvitski (1992) including Lee & Lee (2010) .
Estimate of SDR
In order to estimate SDR, the mean annual soil loss from basins and sediment yield from rivers were calculated. Annual soil loss was calculated using RUSLE and annual SY was added from daily sediment based on SRC. Then, SDR in the six rivers was derived using Equation (5). Table 5 shows the result of the mean SDR in the six gauging stations.
As shown in Table 5 , the SDR in the six rivers changes within the range of between 0.03 and 0.33 with different size of basin area. The low and high calculated SDR values of the six rivers may be due to topographic characteristics and hydrological regimes that concentrate maximum fluxes in the monsoon period from July to September. The Korean Peninsula is composed mostly of granite and gneiss, beneath thin weathered layers. Most mountains and valleys are geologically mature and at an old stage, with little material remaining to be eroded (Woo & Yoon ) . In South Korea, most basins are densely covered in forest, and the lower area is urbanized. Besides, most of the farmland in the lower and flat area of South Korea consists of paddy fields, rather than dry field farming. These imply that most of the RUSLE factors are not changed, except for R-factor, having variant rainfall belts due to the summer monsoon rainy season.
Even if there are insufficient data to estimate SDR in six gauging stations, the upper and small basins have higher SDR (CJ, KR and S-San stations) than other large basins (YJ and WK stations), which indicates that the sediment eroded in the upper basin is transported short distances, and does not deliver meaningful magnitude to the rivers.
CONCLUSIONS
This study is a first attempt to estimate SDR in the six basins of four rivers, South Korea using the amount of soil loss and SY. For this, the GIS based RUSLE method and the SRC model based on field measured data were used.
The SRC was derived on the basis of field data during the period of 2000-2010 (from Even if mean average soil erosion values are scattered, probably due to the range of different R-factors in the six river basins, they are high (515-869 t/ ha). The SY is concentrated in the monsoon period from June to September, and some single flood events. Runoff of SY for the six basins rarely occurs, except for the monsoon season or flooding. In conclusion, the major environmental factors which influence low sediment transport in the six river basins will be outlined as: rainfall characteristics and associated run-off, soil characteristics, and cultivated patterns, like paddy fields. These factors lead to lower SDR, resulting in inefficient sediment delivery in the six river basins. 
